Hyponatremia with hypoxia: Effects on brain adaptation, perfusion, and histology in rodents  by Ayus, J.C. et al.
see commentary on page 1291
Hyponatremia with hypoxia: Effects on brain
adaptation, perfusion, and histology in rodents
JC Ayus1, D Armstrong2 and AI Arieff3
1Department of Medicine, University of Texas Health Sciences Center, San Antonio, Texas, USA; 2Department of Pathology,
Baylor College of Medicine, Houston, Texas, USA and 3Department of Medicine, University of California School of Medicine,
San Francisco, California, USA
Hypoxia appears to be a prominent component of brain
damage among patients with hyponatremic encephalopathy.
Effects of hypoxia on brain in the presence of hyponatremia
are not known. In order to evaluate the contributions of
hypoxia to brain damage, three separate experiments were
conducted in three groups of rodents. Experiment I evaluated
the effects of hypoxia and acute (o4 h) hyponatremia
(plasma Na o120 mmol/l) on brain adaptation in rabbits.
Experiment II evaluated the effects of hypoxia and chronic
(4 days) hyponatremia on cerebral perfusion in rats.
Experiment III evaluated the effects of hypoxia and chronic
hyponatremia on brain histology in rats. In experiment
I, rabbits with acute hyponatremia demonstrated brain
adaptation with significant falls in brain Na content (by
14.2%, Po0.01) and osmolality (by 8.3%, Po0.01), and a rise
in brain water (by 10.6%, Po0.05). Rabbits with combined
hypoxia and hyponatremia failed to demonstrate brain
adaptation. In experiment II, rats with chronic hyponatremia
plus hypoxia had a decrease in cerebral perfusion index by
more than 50% (Po0.01). In experiment III, 23% of hypoxic
rats had brain lesions, which were in the cerebellum,
thalamus, reticular formation, and basal ganglia.
Hyponatremia without hypoxia resulted in no brain lesions.
Hypoxia in normonatremic animals results in cerebral edema
and histopathologic lesions similar to those found in rats
whose plasma Na was overcorrected. Hypoxia in
hyponatremic animals aggravates cerebral edema, impairs
brain adaptation, and decreases cerebral perfusion.
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Hyponatremic encephalopathy is usually complicated by
cerebral edema and is also commonly accompanied by
hypoxia.1–3 Hypoxia appears to be a major contributor to the
associated brain damage.4–8 However, improper therapy of
hyponatremia has also been rarely associated with brain
damage.9,10 Since hyponatremia is accompanied by hypoxia
in both human and animal studies, it is possible that hypoxia
can induce brain damage independent of improper therapy
of hyponatremia.4,11 Moreover, individuals who suffer an
episode of anoxia (respiratory arrest) can develop delayed
post-anoxic encephalopathy with diffuse brain damage to
selectively vulnerable areas of the cortical gray matter.12
However, it is generally accepted that in order for brain
white matter damage to occur, there must be circulatory
impairment (ischemia) superimposed upon hypoxia.12,13 In
addition, a recent study had shown that acute hypoxia
(pO2¼ 20 mmHg for 20 min), with maintained systemic
arterial pressure, did not result in morphologic injury to the
brain.14 We have previously demonstrated in adult animals
that the cytotoxic cerebral edema induced by hyponatremia is
associated with brain adaptation characterized by increased
brain Naþ–Kþ ATPase activity with extrusion of sodium
ions.15,16 We have also demonstrated that this brain
adaptation is impaired in the presence of ischemia induced
by middle cerebral artery (MCA) occlusion. Furthermore,
when MCA occlusion was superimposed upon hyponatremia,
brain adaptation was virtually eliminated.16 In animals with
ischemia produced by MCA occlusion, cerebral blood flow to
the affected area is decreased.17 Although brain adaptation
appears to be impaired because of cerebral hypoxia, it is also
possible that brain adaptation is impaired because of
decreased cerebral blood flow.18 Thus, it is possible that in
conditions characterized by hypoxia, brain adaptation to
cerebral edema is impaired because of decreased cerebral
oxygen availability.
As ischemia imposes these two simultaneous insults, it is
important to examine the effects of isolated hypoxia on
brain adaptation. In such conditions, it is important to know
if the ability of the brain to adapt to cerebral edema is
further impaired by limited availability of oxygen. Hypoxia
(decreased fractional inspired oxygen (FIO2)) has been
shown to be associated with increased blood flow to the
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brain.19 However, information is not available on the long-
term effects of hypoxia on brain histology.
In order to elucidate the role of hypoxia in the brain
damage associated with hyponatremia,6,8 we evaluated the
effects of hypoxia, hyponatremia, and hyponatremia plus
hypoxia on brain adaptation, cerebral perfusion, and neuro-
pathologic changes in rodents. In addition, the pattern of brain
lesions associated with overcorrection of hyponatremia was
compared to that of hypoxia.20
RESULTS
Experiment No. I: the effects of hypoxia and acute
hyponatremia on brain cell volume regulation
Table 1 shows the arterial blood gases, mean arterial blood
pressure (MAP), and concentrations of lactate, sodium,
potassium, and chloride in normal male rabbits and
experimental male rabbits (either hypoxia, hyponatremia,
or hyponatremiaþ hypoxia).
Effects of hyponatremia on brain adaptation. After 2 h of
hyponatremia (n¼ 11) (plasma sodium¼ 11873 mmol/l),
there was brain edema, as evidenced by a significant increase
(11% above control) of brain water to 417728 g H2O/100 g
dry weight (wt.) (control¼ 377715 g H2O/100 g dry wt.,
Po0.05). Brain osmolality was decreased to 267714 mOsm/
kg H2O, vs the control value of 302719 mOsm/kg H2O
(Po0.01). The brain content of sodium decreased signifi-
cantly from 240715 to 206720 mmol/kg dry wt. (Po0.05;
Figure 1).
Effects of hypoxia on brain adaptation. After 40 min of
hypoxia (n¼ 11) (arterial pO2¼ 2375 mmHg), there was
brain edema, as evidenced by a significant increase of brain
water to 392723 g H2O/100 g dry wt. (control¼ 377715 g
H2O/100 g dry wt., Po0.05). Brain osmolality was increased
to 327725 mOsm/kg H2O, vs the control value (n¼ 11) of
302719 mOsm/kg H2O (Po0.01). The brain content of
sodium increased from 240712 to 244716 mmol/kg dry wt.
(P¼NS; Figure 1). There was a significant increase in
brain lactate from the control value of 471 mmol/kg H2O to
1878 mmol/kg H2O in hypoxic rabbits (Po0.01). The
increase in brain osmolality was largely accounted for by
increases in brain lactate.
Effects of hyponatremiaþ hypoxia on brain adaptation. In
rabbits with hyponatremia plus hypoxia (n¼ 7), using the
above protocol, the plasma sodium was 11674 mmol/l and
the arterial pO2 was 4675 mmHg.
Table 1 | Electrolytes and blood gases in normal, hypoxic, and hyponatremic rabbits
Control Na (mmol/l) K (mmol/l) Cl (mmol/l) Lactate (mmol/l) pH (mmHg) pCO2 (mmHg) pO2 (mmHg) MAP (mmHg)
Mean 140 3.42 98 2.5 7.36 38 81 114
7s.d. 2 0.24 6 0.6 0.02 1 5 5
Hypoxia
Mean 138 6.7 101 11.5 7.16 16 23 95
7s.d. 3 1.27 3 4.1 0.1 4 3 8
Hyponatremia
Mean 118 3.2 90 1.8 7.32 35 77 104
7s.d. 3 0.19 3 0.5 0.03 2 5 6
Hyponatremia+hypoxia
Mean 123 3.6 94 14 7.21 22 46 114
7s.d. 2 0.25 4 3 0.02 3 5 8
MAP=mean arterial blood pressure.
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Figure 1 | Experiment No. I. The effects of acute hyponatremia and
hypoxia on brain cell volume regulation. The figure shows brain
water, brain osmolality, and brain sodium in four groups of rabbits.
The groups are control rabbits, hyponatremic rabbits, hypoxic
rabbits, and hyponatremicþ hypoxic rabbits. (a) shows brain water;
(b) shows brain osmolality; and (c) shows brain sodium content. Error
bars are mean7s.d.
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There was brain edema, as evidenced by a significant
increase (22% above control) of brain water to 459723 g
H2O/100 g dry wt. (control¼ 377725 g H2O/100 g dry wt.,
n¼ 12, Po0.01). Brain osmolality was increased to 3137
22 mOsm/kg H2O, vs the control value of 302719 mOsm/kg
H2O (Po0.05). The brain content of sodium increased from
240718 to 277733 mmol/kg dry wt. (Po0.05; Figure 1).
The values for brain water and sodium were significantly
different (Po0.01) from those with hyponatremia alone.
Thus, in rabbits, hyponatremia alone is accompanied by
brain adaptation as demonstrated by a significant increase in
brain water with decreased osmolality and sodium (Figure 1).
When hypoxia is superimposed upon the hyponatremia, the
adaptive response is eliminated, with a resulting significant
increase in brain Na (Figure 1).
Experiment No. II: the effects of hypoxia and chronic
hyponatremia on cerebral perfusion in the rat
In normal male rats (n¼ 7), the cerebral perfusion index
(CPI) was 0.2970.09. In normoxic male rats with arginine
vassopressin-induced hyponatremia (n¼ 8) (serum so-
dium¼ 10873 mmol/l; pO2¼ 9475 mmHg), the CPI was
unchanged at 0.3070.07. In rats with hypoxia alone (pO2¼
6975 mmHg), the CPI increased to 0.3370.06 (P¼NS). In
male rats with hyponatremia plus hypoxia (n¼ 5), the
serum sodium was 11072 mmol/l and arterial pO2 was
7172 mmHg. In these rats, the CPI fell to 0.1470.06,
significantly different from the other three groups (Po0.05;
Figure 2). Thus, the addition of hypoxia to hyponatremia in
rats significantly decreased the cerebral perfusion compared
to the other three groups (Figure 2).
Experiment No. III: the effects of hypoxia and chronic
hyponatremia on brain histology in rats
The group I rats (n¼ 35) whose plasma sodium was
14373 mmol/l, which were exposed to 10% oxygen for 3 h,
all survived. The pO2 in the group I rats was 3573 mmHg
(Figure 3). The blood pressure was within normal limits
(about 100 mmHg) throughout the experiment. Group 2 rats
(n¼ 30) with plasma sodium of 13972 mmHg were exposed
to 5% oxygen for 3 h. None survived. The pO2 in that group
was 2472 mmHg. All rats became obtunded by the second
hour and 40% convulsed. All deaths occurred in the last hour
(Figure 3). The mean arterial pressure in the last hour
decreased to below 100 mmHg. Group 3 rats (n¼ 30) with
hyponatremia (Na¼ 10872 mmol/l; pO2¼ 94 mmHg) had a
mortality of 23% (Figure 3). Group 4 rats had hypoxia
(pO2¼ 3874 mmHg) superimposed upon hyponatremia
(plasma Na¼ 11075 mmol/l). The mortality was 100% in
less than 3 h (Figure 3).
At the conclusion of the experimental period, the
surviving rats in all groups were placed in cages and
monitored for neurologic damage and mortality for 3
months. None of the rats in groups 2 and 4 survived the
experimental period (Figure 3), and thus histology was not
performed.
The surviving rats in groups 1 and 3 had no gross evidence
of neurologic dysfunction. None died over the 3-month
period. The rats with hyponatremia but normal arterial blood
pO2 (group 3; Figure 3) had normal brain histology.
By contrast, group 1 rats that had hypoxia
(pO2¼ 35 mmHg) and normonatremia (plasma sodium
14373 mmol/l; Figure 3) demonstrated brain lesions.
In eight of the 35 animal brains from group 1, there were
significant histologic alterations. In four cases, there were
lesions in the cerebellum consisting of cystic necrosis
accompanied by macrophages and gliosis (Figure 4). The
lesions centered on the internal granular cell and white
matter layers (Figure 5). In one animal, the lesion involved
most of the folia. The thalamus was affected in two cases, and
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Figure 2 | Experiment No. II. The effects of hypoxia and chronic
hyponatremia on cerebral perfusion in the rat. The figure shows the
CPI in adult male control rats (left panel), those with hyponatremia
(second panel from left), hypoxia (third panel from left), and those
with hyponatremiaþ hypoxia (right panel). Cerebral perfusion is not
different in control vs hyponatremic rats. However, in rats with
hyponatremiaþ hypoxia, the CPI was significantly reduced (Po0.05)
compared to both control rats and those with either hypoxia or
hyponatremia without hypoxia. In rats with hypoxia, the cerebral
perfusion is not different vs rats with hyponatremia or control rats
(P¼NS). Error bars are mean7s.d.
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Figure 3 | Experiment No. III. The effects of hypoxia and chronic
hyponatremia on rat mortality: hypoxia with 10% oxygen; hypoxia
with 5% oxygen; hyponatremia with room air (21% oxygen); and
hyponatremia combined with hypoxia (with 10% oxygen).
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the reticular formation in three cases. These lesions tended to
be bilateral and symmetrical and consisted of a circumscribed
region of central loss of neurons, proliferation of small
vessels, an increase in macrophages, and peripheral gliosis
with increased glial fibrillary acidic protein (GFAP) reactivity
(Figure 6). The basal ganglia were involved in three cases, and
the hypothalamus in one case. These lesions involved the
adjacent white matter, tracts of the internal capsule, and the
entorhinal white manner. In one case, the hippocampus
showed neuronal loss in the dentate gyrus, Ca1 and Ca3–4.
The lesions identified in the eight rats were not acute, but
showed reactive changes plus gliosis. The pons was not
involved.
In most of the brains, there were dark neuronal changes in
the cortex, hippocampus, including the dentate gyrus (Ca3
and Ca1), the basal ganglia, and the brain stem nuclei. Some
of the Purkinje cells in every brain showed dark neuronal
change. An occasional spongy change was seen in the optic
tracts and the cerebellar white matter. These alterations were
not accompanied by any glial or microglial alteration and
were present in the control and the test animals. They were
therefore not interpreted to represent significant histologic
alterations but probably related to immersion fixation.
Control rats (n¼ 30; pO2¼ 9273 mmHg) were also
observed for 3 months following the 3-h exposure to room
air. Histology in these rats was normal.
Thus, hypoxia (arterial pO2¼ 25 mmHg) for 3 h in the
rat was associated with 100% mortality, whereas 3 h of
hypoxia with arterial pO2¼ 35 mmHg was associated with
no mortality. Among rats with hyponatremia (plasma
Na¼ 108 mmol/l), the mortality was 23%. Among rats
with similar hyponatremia (plasma Na¼ 110 mmol/l) with
the addition of hypoxia (pO2¼ 38 mmHg), mortality was
also 100%.
DISCUSSION
We have evaluated the effects of hypoxia, acute hyponatre-
mia, and chronic hyponatremia on brain cell volume
regulation, cerebral perfusion, and brain histopathology.
Hypoxia impairs brain adaptation in hyponatremic rodents
(Figure 1). Superimposed hypoxia in hyponatremic animals
significantly decreases cerebral perfusion (Figure 2). Hypoxia
in normonatremic rats leads to significant brain lesions after
3 months follow-up (Figures 3–6).
More important is the fact that superimposing hypoxia
upon hyponatremia eliminated the adaptive response
(Figure 1). These observations are in agreement with our
previous studies on another variety of hypoxia (ischemia),
which when superimposed upon hyponatremia also
eliminate brain adaptation.16 Early brain adaptation occurred
primarily by sodium extrusion via increased Naþ–Kþ
ATPase activity. Thus, the data in the present study strongly
suggest that hypoxia, either by reduced brain oxygen
delivery or cerebral perfusion, impairs brain adaptation in
hyponatremic animals.
The cerebral perfusion studies lend support to these data.
Neither hyponatremia nor hypoxia alone significantly
affected cerebral perfusion, but the combination (hypon-
atremiaþ hypoxia) significantly decreased cerebral perfusion
(Figure 2).
Furthermore, this study indicates that the level of hypoxia
strongly influences survival (Figure 3). Normonatremic
animals subjected to 3 h of hypoxia with 10% oxygen
(arterial pO2¼ 35 mmHg) had 100% survival. By contrast,
normonatremic animals subjected to the same protocol
but with 5% oxygen (arterial pO2¼ 24 mmHg) had a
100% mortality. By comparison, hyponatremia alone (plasma
Na¼ 108 mmol/l; Figure 3) resulted in only 23% mortality.
However, subjecting animals to a combination of hypo-
natremiaþ hypoxia (plasma Na 110 mmol/l; pO2¼ 38 mmHg)
also led to a 100% mortality. Thus, these data add support to
the deleterious effects on survival of hypoxia superimposed
upon hyponatremia.
Figure 4 | Cerebellar lesion; H&E stain. Original magnification:
 400. At the center of the lesion, there are foamy macrophages
adjacent to necrotic cell debris. Delicate vessels survive in the region.
Figure 5 | Cerebellar lesion; H&E stain. Original magnification:
 60. The cerebellar hemisphere contains large circumscribed lesions
involving the internal granular cell layers of two adjacent folia.
Figure 6 | Thalamic lesion, H&E stain. Original magnification:  60.
The lesion is circumscribed and cellular, with vacuoles containing
degenerated cells. There are delicate vessels coursing through it.
1322 Kidney International (2006) 69, 1319–1325
o r i g i n a l a r t i c l e JC Ayus et al.: Hyponatremia, hypoxia, and the brain
The histologic brain damage observed in normonatremic
rats with hypoxia was largely localized to areas considered
vulnerable to hypoxic insult,21 but particularly to the
thalamus, basal ganglia, reticular formation, and cerebellum.
The demonstration of the observed types of brain lesions
following hypoxia in adult animals is a new and unique
observation. Chronic severe hypoxia is not believed to be
accompanied by brain damage.22 Pearigen and associates also
studied acute hypoxia using adult rats exposed to an arterial
pO2 of 20 mmHg for 20 min. The rats were studied after
a survival of 72 h. The brain exhibited no alterations in
heat-shock protein, extracellular glutamate, or neuronal
integrity. The differences in the level of hypoxia, the shorter
exposure time, and the shorter survival in their experiments
may explain the different outcomes.14
The lesions that we observed were primarily symmetrical
in gray matter, although there were also some symmetrical
white matter lesions (internal capsule adjacent to the
thalamus). Some of the smaller cerebellar foliar lesions also
appear to be in the white matter of the cerebellar folia,
extending into the internal granular cell layer. Ginsberg12 has
studied delayed neurological deterioration in humans
following hypoxia (secondary to carbon monoxide exposure)
and observed some cases with white matter lesions and others
with only gray matter lesions. Some of these were in arterial
border zones, but most cases also had lesions of the basal
ganglia, putamen, globus palladus, caudate, and hippo-
campus, suggesting some similarities to the lesions seen in
our animals.
The lesions observed in our rats 3 months after exposure
to hypoxia were necrotizing lesions, associated with cell
loss, increase in vascularity, some macrophage infiltration,
and surrounded a rim of reactive astrocytes. In some
regions, there were occasional swollen axons. The lesions
were predominantly in gray matter regions; however, some
bordered on the white matter (e.g. near the internal capsule,
adjacent to a lesion in the basal ganglia, and in the cerebellar
folia where some lesions encompassed the whole width of
a folia). Myelin loss was not prominent but was observed
near the white mater lesions. There was cystic change in some
cerebellar and basal ganglia lesions. By contrast, rats with
hyponatremia and normal arterial pO2 have normal brain
histology. Thus, hypoxia appears to be a major contributory
factor to brain damage in this animal model.
It is noteworthy that the location of the anatomic lesions,
and the overall histological pattern in our animals with
hypoxia and normonatremia resemble those observed with
overcorrection of hyponatremia (Figure 7).20,23 In addition,
patients dying with hyponatremia and hypoxia often have
lesions with a similar histological distribution3,24 as observed
in animals from the present study. Our rats with hypoxia and
brain damage were normonatremic, suggesting that a likely
explanation for the brain lesions in such patients may be the
presence of hypoxemia in association with hyponatremia.
The cerebral perfusion studies carried out in animals with
hypoxemia plus hyponatremia support this contention, as
cerebral perfusion decreased significantly in rats with
hypoxemia and hyponatremia when compared to values in
rats with hyponatremia alone (Figure 2). Hypoxia appears to
be a major co-morbidity factor in the outcome of patients
with hyponatremic encephalopathy, whereas improper
therapy does not.1–5,25 Although arterial pO2 is not commonly
measured in patients with hyponatremic encephalopathy,
we have carried out so in 144 such patients – the pO2
was 38716 mmHg when plasma Na was 11277 mmol/l1–5,25
– with 83% morbidity.
Thus, when patients who have hyponatremic encephalo-
pathy develop hypoxia, they are at greatly increased risk of
morbidity.2,3 Since 1999, there have been three large studies
comprising 299 patients, which evaluated factors influencing
the outcome in patients with hyponatremic encephalo-
pathy.4,7,8 All these studies found hypoxia to be a major
factor influencing outcome, whereas improper therapy was
not. Furthermore, the brain lesions found in patients with
improper therapy of hyponatremic encephalopathy are similar
to those commonly found in patients with hypoxia.3,4,24
MATERIALS AND METHODS
We studied three groups of rodents in three groups of experiments
(I, II, and III). All the protocols were approved by the Animal
Studies Subcommittee at either Veterans Affairs Medical Center, or
Figure 7 | Composite illustration of sites of brain lesions from
current study and Ayus et al.20 Lesions observed in rats with severe
hyponatremia that were overcorrected (Ayus et al. 20) are on the right
sides in stipples. Lesions observed in hyponatremic rats (present
study) subjected to hypoxia after 3 months of survival are on the left
side in black.
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Baylor College of Medicine, or the Committee on Animal Research,
University of California, San Francisco, CA, USA.
Experiment No. I: the effects of hypoxia and acute
hyponatremia on brain cell volume regulation
Male adult New Zealand white rabbits (2–3 kg) were
anesthetized with sodium pentobarbital, tracheotomized,
and ventilated with a Harvard respirator. Four groups of
rabbits were studied (Table 1). In the control animals, arterial
pCO2 was maintained at about 35 mmHg with small
adjustments in the tidal volume. An angiocatheter was placed
in the ear artery and attached to a strain gauge to measure
arterial blood pressure26 and to obtain arterial blood samples
for blood gas analysis and chemistries.27–29
Induction of acute hyponatremia. Acute hyponatremia was
induced over 2–3 h with subcutaneous vasopressin and
nasogastric distilled water, as described previously.30
Induction of hypoxia. Hypoxia was induced by having
rabbits breathe a mixture of 5% oxygen/95% nitrogen
administered through a tracheotomy by a Harvard respirator.
Arterial pO2 was maintained at about 25 mmHg and pCO2 at
about 35 mmHg for 40 min with small adjustments in the tidal
volume. Paralysis was achieved with intravenous succinylcho-
line. Acute hyponatremia was induced when anesthesia and
paralysis had been achieved.30 At the end of these experiments,
the top of the skull was removed and the brain was removed
and placed in a flask of liquid nitrogen. The brain was analyzed
for measurement of osmolality, electrolytes (sodium, potassium,
chloride), and lactate as described previously.27
Experiment No. II: the effects of hypoxia and chronic
hyponatremia on cerebral perfusion in rats
Induction of chronic hyponatremia. Chronic hyponatremia
was induced over a 4-day period by the twice-daily admin-
istration of subcutaneous vasopressin in oil (200 mU/100 g)
and intraperitoneal 140 mmol/l (5%) glucose/H2O as described
previously.15,31
Induction of hypoxia. Male rats were anesthetized with
chloral hydrate, and hypoxia (arterial pO2 of 60–75 mmHg)
was then induced by reduction of the tidal volume for
40 min. This level of pO2 was selected because in pilot studies
we found that hyponatremic rats with an arterial pO2 below
50 mmHg have a 100% mortality.16 An index of CPI was
assessed, using magnetic resonance imaging (MRI).32 We
have previously demonstrated that the CPI gives values that
are decreased in proportion to changes in cerebral blood flow
determined by the nitrogen washout method.26
A femoral artery was cannulated to allow continuous measure-
ments of MAP and arterial blood sampling for blood gas analysis.
MRI and cerebral perfusion. MRI was performed on a 2 T
Omega CSI system (Bruker Medical Systems, Fremont, CA,
USA) equipped with Acustar S-150 self-shielded gradients.32
The image slice plane was a 3 mm coronal section at the
approximate level of the optic chiasm. The CPI was estimated
using high-speed echo planar imaging (EPI) as described
previously.32 EPI was performed following intravenous
injection of a bolus of magnetic susceptibility contrast agent
to obtain a series of 32 images acquired at 1 s intervals as
described previously.15,33 The details of calculation of the CPI
have been described17 after construction of the concentra-
tion–time curve, which represents the passage of the contrast
bolus through the tissue.32 Blood gas analysis was performed
during each measurement of CPI.
Experiment No. III: the effects of hypoxia and chronic
hyponatremia on brain histology in rats
Experiments were performed on male adult Sprague–Dawley
rats (225–350 g). There were three hypoxic animal groups1–3
and one group without hypoxia:4 (1) normonatremic rats
with hypoxia (10% O2); (2) normonatremic rats with
hypoxia (5% O2); (3) hyponatremiaþ hypoxia (10% O2);
and (4) hyponatremia breathing room air (21% O2).
Induction of chronic hyponatremia. Chronic hyponatremia
was induced over a 4-day period in male rats as described
previously.15,31 Control rats were normonatremic (arterial
pO2¼ 9773 mmHg; pCO2¼ 3872 mmHg). A femoral ar-
tery catheter was inserted for measurement of blood gases,
blood pressure, sodium, and potassium. The control rats
were placed in the same chamber for 3 h, but breathing room
air. At the end of 3 h, hyponatremic and control rats were
maintained for 3 months and then killed. Rats had access to
food until the time of study.
Induction of hypoxia. Hypoxia was induced by having rats
breathe either 90% nitrogen:10% oxygen or 95% nitrogen:
5% oxygen for 3 h in an airtight chamber.16 Three experi-
mental groups of rats were established: (a) group 1, hypoxia
with 10% oxygen (arterial pO2¼ 3573 mmHg, pCO2¼
2372 mmHg); (b) group 2, hypoxia (5% oxygen; arterial
pO2¼ 2472 mmHg, pCO2¼ 1773 mmHg); and (c)
group 3, hyponatremiaþ hypoxia with 10% oxygen (pO2¼
38 mmHg, pCO2¼ 2572 mmHg). At the conclusion of the
experimental procedure, all surviving rats were then main-
tained for 3 months and then killed. Brains were obtained
and processed for histology, as described below.
Histopathology studies
These studies were not performed on the animals that died
spontaneously. The surviving animals – controls and experi-
mental animals – were killed with an intraperitoneal injection
of an overdose of pentobarbital. Immediately after injection,
the skull was opened and the brain removed by severing it
from the upper cervical cord.
The brain was immediately immersed in 10% buffered
formaldehyde and allowed to fix for 1 week. The fixed brains
were then cut in the coronal plane at 3 mm intervals,
dehydrated, and embedded in paraffin. Sections were cut at
5 mm and stained with hematoxylin and eosin, and Luxol fast
blue for myelin.20 Immunocytochemistry using antibody to
GFAP was utilized to define gliosis. All sections were studied
by the same neuropathologist (DLA). The neuropathologist
(DLA) was without the knowledge of the experimental
conditions until after the data had been tabulated. When
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comparing the neuropathology with our prior study, the
same neuropathologist performed both studies (DLA).31 The
sections were studied in all brain regions, with emphasis in
the areas of specific vulnerability to hypoxia: selected cortical
layers, the hippocampus, and the cerebellum.
Statistical methods
All data are presented as mean71 s.d. The number of
animals in each group is shown in the Results section as
n¼ number of animals. Significance was determined using
analysis of variance, performed on a Macintosh G4 computer
using Statview (version 4.5; Abacus Concepts, Berkeley, CA,
USA). A ‘P’-value of Po0.05 or less was taken as significant.
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